Retinal ganglion cells (RGCs) receive excitatory glutamatergic input from ON and OFF bipolar cells in distinct sublaminae of the inner plexiform layer (IPL). AMPA and NMDA receptors (AMPARs and NMDARs) mediate excitatory inputs in both synaptic layers, but specific roles for NMDARs at RGC synapses remain unclear. NMDARs comprise NR1 and NR2 subunits and are anchored by membraneassociated guanylate kinases (MAGUKs), but it is unknown whether particular NR2 subunits associate preferentially with particular NR1 splice variants and MAGUKs. Here, we used postembedding immunogold electron microscopy techniques to examine the subsynaptic localization of NMDAR subunits and MAGUKs at ON and OFF synapses onto rat RGCs. We found that the NR2A subunit, the NR1C2Ј splice variant, and MAGUKs PSD-95 and PSD-93 are localized to the postsynaptic density (PSD), preferentially at OFF synapses, whereas the NR2B subunit, the NR1C2 splice variant, and the MAGUK SAP102 are localized perisynaptically, with NR2B exhibiting a preference for ON synapses. Consistent with these anatomical data, spontaneous EPSCs (sEPSCs) recorded from OFF cells exhibited an NMDAR component that was insensitive to the NR2B antagonist Ro 25-6981. In ON cells, sEPSCs expressed an NMDAR component, partially sensitive to Ro 25-6981, only when glutamate transport was inhibited, indicating perisynaptic expression of NR2B NMDARs. These results provide the first evidence for preferential association of particular NR1 splice variants, NR2 subunits, and MAGUKs at central synapses and suggest that different NMDAR subtypes may play specific roles at functionally distinct synapses in the retinal circuitry.
Introduction
NMDA receptors (NMDARs) are heterotetramers usually comprising two NR1 subunits and two NR2 subunits. NR1 subunits derive from a single gene that is spliced to produce functional variants (Zukin and Bennett, 1995) , whereas NR2 subunits (NR2A-2D) arise from four different genes (Ishii et al., 1993; Monyer et al., 1994; Dingledine et al., 1999) . NR1 subunits are required for proper receptor assembly and trafficking (McIlhinney et al., 1998 (McIlhinney et al., , 2003 , but NR2 subunits may dictate specific localization in the plasma membrane to synaptic or extrasynaptic sites (Stocca and Vicini, 1998; Rumbaugh and Vicini, 1999; Momiyama, 2000; Steigerwald et al., 2000) . At most synapses, the NR2 subunit composition of synaptic and extrasynaptic receptors remains unclear, and it is unknown whether different NR1 splice variants also exhibit distinct localization patterns, or whether they coassemble specifically with particular NR2 subunits.
Membrane-associated guanylate kinases (MAGUKs), PSD-95, PSD-93, SAP102, and SAP97, coordinate trafficking, anchoring, and signaling of receptors and ion channels via binding interactions in the cytoplasm (Kennedy, 1995; Kornau et al., 1995; Kim and Sheng, 2004) . Like NR2 subunits, MAGUKs exhibit distinct subsynaptic expression patterns (Müller et al., 1996; Migaud et al., 1998; Valtschanoff et al., 1999; El-Husseini et al., 2000; Sans et al., 2000; Aoki et al., 2001; Davies et al., 2001; Kim and Sheng, 2004 ), but it is unclear whether particular NMDAR subunits associate preferentially with specific MAGUKs (Sans et al., 2000; Al-Hallaq et al., 2007) to direct subsynaptic targeting of particular NMDAR subtypes.
In the retina, synaptic excitation of retinal ganglion cells (RGCs) is mediated postsynaptically by NMDARs and AMPA receptors (AMPARs) (Mittman et al., 1990; Matsui et al., 1998; Chen and Diamond, 2002) . Although NMDARs have been shown to contribute to synaptic plasticity and excitotoxicity elsewhere in the CNS (Collingridge and Lester, 1989) , specific functional roles for NMDARs in the retina have not been determined. At RGC synapses in rat, physiological and anatomical evidence suggests that NMDARs are excluded from the postsynaptic density (PSD) and expressed perisynaptically (Chen and Diamond, 2002; Zhang and Diamond, 2006) [but see Hartveit et al. (1994) and Fletcher et al. (2000) ]. Recent physiological work in mouse retina suggests that subsynaptic localization may depend on functional input layer (Sagdullaev et al., 2006) . Here, we have examined the expression of NR1 splice variants, NR2 subunits, and MAGUKs at retrogradely labeled RGC postsynaptic pro-cesses in the ON and OFF layers of rat retina using postembedding immunogold electron microscopy (EM). We find that NMDARs are localized primarily perisynaptically in the ON layer and within the PSD in the OFF layer. NR2B-containing NMDARs are more prevalent at ON synapses than at OFF synapses, in contrast to NR2A NMDARs, which are more prevalent at OFF synapses. We also observe strong correlations between specific NR1 splice variants, NR2 subunits, and MAGUKs, suggesting that specific interactions between these synaptic proteins may underlie subsynaptic expression patterns in RGCs. Accordingly, spontaneous EPSCs (sEPSCs) recorded from RGCs confirm that NR2 subunit expression and subsynaptic localization underlie distinct physiological and pharmacological characteristics of ON and OFF synapses. These results suggest that different NMDAR subtypes may play specific roles in visual signaling in the retina.
Materials and Methods
Tissue preparation. Care and handling of animals were in accordance with National Institutes of Health (NIH) Animal Care and Use Committee guidelines. Retinal tissue for light microscopy (LM) study was prepared as described previously (Zhang and Diamond, 2006) . Briefly, postnatal day 20 (P20) Sprague Dawley rats were deeply anesthetized with halothane and decapitated, and eyes were removed and hemisected. Eyecups then were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (PB) at pH 7.4 for 20 -30 min at room temperature (RT). After several washes in 0.1 M PBS (PBS, pH 7.4), the eyecups were cryoprotected with graded sucrose solutions at 4°C (60 min each in 15%, 20%, and 30%, then overnight in 30%). The tissue was embedded in OCT compound (Tissue Tek), vertically sectioned at 14 m on a cryostat, and collected on chrome-gelatin-coated glass slides. Additionally, rat cerebellum tissue also was prepared as described previously (Thompson et al., 2000) . P20 rats were deeply anesthetized with halothane and were perfused through the aorta with 0.9% saline for 1 min, followed by 4% paraformaldehyde in 0.1 M PB for 15-20 min. Following fixations, the cerebellum was quickly removed from the skull and cryoprotected. The tissue was horizontal and coronally sectioned (20 m) on a cryostat, and collected on chrome-gelatin-coated glass slides.
Retinal tissue for postembedding immunogold EM was obtained from three blocks used in our previous work (Zhang and Diamond, 2006) . Briefly, three P15 Sprague Dawley rats were anesthetized with pentobarbital and immobilized in a stereotaxic frame. Cholera toxin B subunit (CTB, 1-1.2%; List Biological Laboratories) was injected bilaterally into the superior colliculus (2 l each site), one of the two main targets of mammalian RGC axons, to label RGCs and their dendrites, as described previously (Zhang and Diamond, 2006) . Five to seven days following the injection, animals were deeply anesthetized with halothane and decapitated, and both eyes were removed and hemisected. Retinas were isolated, immediately cut into 100-to 200-m-thick strips, and subjected to pH-shift fixation [in 4% paraformaldehyde in 0.1 M PB at pH 6.0 for 20 -30 min and then in 4% paraformaldehyde plus 0.01% glutaraldehyde at pH 10.5 for 10 -20 min at RT; also see the study by Sassoè-Pognetto and Ottersen (2000) ]. After several washes in PB with 0.15 mM CaCl 2 (pH 7.4 at 4°C), the tissue was cryoprotected with glycerol (60 min each in 10%, 20%, 30%, then overnight in 30%) in 0.1 M PB, and rapidly frozen in liquid propane at Ϫ190°C (Leica EM CPC). The tissue was then transferred into a freeze-substitution device (Leica EM AFS) and treated with 0.5% uranyl acetate in 100% methanol at Ϫ90°C for 36 h, after which the temperature was increased stepwise to Ϫ45°C. Samples were washed several times in precooled methanol and progressively infiltrated with Lowicryl HM20 resin (Electron Microscopy Sciences) (1:1 Lowicryl to methanol, 2 h; 2:1 Lowicryl to methanol, 2 h; 100% Lowicryl, 2 h; 100% Lowicryl, overnight) at Ϫ45°C. Finally, samples were polymerized (Ϫ45°C to 0°C) with ultraviolet light for 40 h and then at RT overnight.
Primary antibodies. Antibodies used in this study have been characterized previously in rat retina by Western blot and immunocytochemistry (ICC; see references below). Polyclonal antibodies directed toward NMDAR subunits (NR1C2, NR1C2Ј, NR2A, and NR2B) were purchased from Millipore Bioscience Research Reagents. Anti-NR1C2 (catalog #AB1516) recognizes splice variants 1a, 1b, 2a, and 2b, whereas anti-NR1C2Ј (catalog #AB5050P) recognizes splice variants 3a, 3b, 4a, and 4b (Hollmann et al., 1993; Blahos and Wenthold, 1996) . Anti-NR2A (catalog #AB1555P) and anti-NR2B (catalog #AB1557P) were raised in rabbit against an affinity-purified C-terminal fusion protein with different amino acid sequences. These four antibodies recognize a band at ϳ116 kDa for NR1C2, ϳ120 kDa for NR1C2Ј, 170 ϳ180 kDa for NR2A, and ϳ180 kDa for NR2B (Goebel et al., 1998; Fletcher et al., 2000; Gründer et al., 2000; Kalloniatis et al., 2004) . We did not examine expression of NR2C or NR2D, due to concerns about antibody specificity. Antibodies against MAGUK proteins (PSD-95, PSD-93, SAP102, and SAP97) were purchased from Affinity Bioreagents. Monoclonal anti-PSD-95 (catalog #MA1-046) was raised in mouse against a purified recombinant rat PSD-95 and recognizes a band at ϳ95 kDa (Kornau et al., 1995; Koulen et al., 1998; Koulen, 1999) . Polyclonal anti-PSD-93 (catalog #PA1-043), anti-SAP97 (catalog #PA1-741), and anti-SAP102 (catalog #PA1-045) were raised in rabbit and recognize a band at ϳ110 kDa, ϳ140 kDa, and ϳ102 kDa, respectively, and have been characterized by ICC and Western blot (Müller et al., 1995 (Müller et al., , 1996 Brenman et al., 1996; Aoki et al., 2001; Davies et al., 2001) . Polyclonal goat anti-CTB (List Biological Laboratories) has been characterized in rat retina by ICC (Rivera and Lugo, 1998; Zhang and Diamond, 2006) . Monoclonal anti-Calbindin D-28 (Millipore Bioscience Research Reagents), a marker for cerebellum Purkinje cells, has been characterized previously by ICC (Andressen et al., 1993; Thompson et al., 2000) .
LM immunofluorescence. Before immunogold labeling for electron microscopy, antibody staining was examined using LM, as described previously (Zhang and Diamond, 2006) . Slides were rinsed in PBS, blocked in 5% normal donkey serum (NDS, Sigma) in PBS for 1 h and incubated overnight in primary antibodies of polyclonal anti-rabbit NMDAR subunits (NR1C2 1:30, NR1C2Ј 1:100, NR2A 1:100, and NR2B 1:60) or anti-MAGUK proteins (PSD-95 1:200, PSD-93 1:100, SAP102 1:150, and SAP97 1:100) in 2% NDS plus 1% bovine serum albumin (BSA, Sigma) with 0.3% Triton X-100 at RT for anti-NMDAR antibodies and at 4°C for others. After rinsing, sections were incubated for 2 h at RT in Cy3-or FITC-conjugated donkey anti-rabbit IgG (1:400 and 1:100, respectively) or Cy3-conjugated anti-mouse IgG (1:400). All fluorescent secondary antibodies were purchased from Jackson ImmunoResearch Laboratories. Slides were rinsed and coverslipped with Vectashield (Vector). Immunofluorescence was visualized with a confocal laser scanning microscope (Zeiss LSM-510) through 25ϫ and 63ϫ oil objectives. Brightness and contrast of the final images were adjusted in Adobe Photoshop 6.0.
Postembedding immunogold labeling. Postembedding immunogold ICC (EM) was performed on tissue taken from retinas retrogradely labeled with CTB to identify RGC process in the inner plexiform layer (IPL) (Zhang and Diamond, 2006) . Briefly, oriented ϳ70-nm-thick ultrasections were collected on Formvar-Carbon coated nickel-slot grids. Grids were washed with distilled H 2 O followed by a Tris-buffered saline wash (TBS: 0.05 M Tris buffer, 0.7% NaCl, pH 7.6), incubated in 5% BSA in TBS for 30 min, and then incubated overnight at RT in goat anti-CTB (1:3000) and an antibody to one NMDAR subunit (NR1C2 1:10, NR1C2Ј 1:50, NR2A 1:50, and NR2B 1:30) or one MAGUK protein (PSD-95 1:100, PSD-93 1:50, SAP102 1:80, and SAP97 1: 50) in TBS-Triton (0.01% Triton X-100 in TBS, pH 7.6) with 2% BSA and 0.02 M NaN 3 overnight at RT. Grids were washed with TBS, pH 7.6, for 30 min, followed by TBS, pH 8.2, for 5 min. Grids were then incubated in a mixture of donkey anti-goat IgG (1:20) coupled to 15 or 18 nm gold particles and donkey anti-rabbit IgG (1:20) or donkey anti-mouse IgG (1:20) coupled to 10 nm gold particles (Electron Microscopy Sciences) in TBS-Triton, pH 8.2, with 2% BSA and 0.02 M NaN 3 . Following washes in TBS, pH 7.6, for 30 min, grids were washed in ultrapure H 2 0 and dried. Grids were counterstained with 5% uranyl acetate and 0.3% lead citrate in distilled H 2 O for 8 and 5 min, respectively.
In a subset of experiments, ultrathin sections were triple-labeled with antibodies to CTB (1:3000), NR2A (1:50), and PSD-95 (1:100), then by a mixture of IgGs coupled to 15, 10, and 5 nm gold particles, respectively, as described previously (Zhang and Diamond, 2006) .
Grids were viewed on a JEOL 1200 EM and images were digitalized. Final figures were processed only for brightness and contrast and annotations were added in Adobe Photoshop 6.0.
Specificity controls. The specificity of antibodies, immunofluorescence, and immunogold staining was tested several ways. First, preadsorption controls were performed at the LM level to confirm that each antibody was specific to its targeted antigen. When polyclonal antibodies to NMDARs and MAGUK proteins were preadsorbed with the polypeptide fragments or the fusion proteins (NMDAR subunits from Millipore Bioscience Research Reagents, MAGUK proteins from Affinity Bioreagents), no fluorescence was detected ( Fig. 1 I-L) . Second, single or double labeling at the LM and EM level always was accompanied by control experiments in which one or two primary antibodies were eliminated and then the two or three appropriate secondary antibodies were applied in double or triple labelings. In these cases, only fluorescence or gold specific for the remaining primary antibody was detected (data not shown). Third, to confirm specificity of the NR2A antibody, double labelings (Calbindin D-28k 1:200 ϩ NR2A 1:60, Calbindin D-28k ϩ NR2B 1:60, and Calbindin D-28k ϩ NR1C2Ј 1:60) were performed on cryosections of rat cerebellum, where Purkinje cells were immunopositive for NR2B and NR1C2Ј but immunonegative for NR2A (Fig. 1 M, N ) , consistent with previous results (Petralia et al., 1994; Thompson et al., 2000) . Fourth, only very low EM immunogold densities (mean Ϯ SE, number of gold particles per linear micrometer) for antibodies to NMDAR subunits and MAGUK proteins were detected in RGC dendritic mitochondrial membranes compared with plasma membranes (see Figs. 5D, 8D) .
Quantitative anatomical analysis. Ultrathin sections containing the full depth of the IPL were photomontaged at 25,000ϫ magnification. For each section, 15 images spanning the full depth of the IPL were numbered in order from the inner edge of the inner nuclear layer to the outer edge of the RGC layer, and a total of 600 images (40 rows ϫ15) were taken for each montage. Based on previous physiological and morphological studies showing that the outer and middle third of the IPL may correspond to regions of input from OFF and ON cone bipolar terminals, respectively (Nelson et al., 1978; Peichl and Wässle, 1981; Amthor et al., 1989) , the first five images were classified into the sublamina a (OFF layer), whereas the sixth to the 11th images were sublamina b (ON layer). Occasionally, a few cone bipolar cell dyads found in the inner third of the IPL (populated primarily by ON rod bipolar cell dyads) also were considered as ON layer. Cone bipolar cell dyad profiles were accepted for analysis when (1) they contained retrogradely transported CTB signal, (2) related ribbon synapses exhibited well defined membranes, clefts, and postsynaptic densities, and (3) CTB-positive dendrites contained at least two gold particles within the PSD or more than one gold particle along the extrasynaptic plasma membrane. The total cone bipolar cell dyads accepted for analysis for NMDARs were 68, 56, 102, and 53 for NR1C2, NR2B, NR1C2Ј, and NR2A, respectively, whereas those for MAGUKs were 56, 14, 77, and 75 for SAP102, SAP97, PSD-95, and PSD-93, respectively. To control for variability between animals, labeling of each antibody was examined in tissue from three different rats, and the results were pooled.
The mean length of the PSD and the extrasynaptic plasma membrane of individual RGC dendrites was measured to be 180 Ϯ 9 nm (n ϭ 94) and 1592 Ϯ 96 nm (n ϭ 51) (Zhang and Diamond, 2006) , respectively, using NIH ImageJ software. Given an average thickness of 7-9 nm for the plasma membrane (Peters et al., 1991) and our criteria for transversely cut ribbon synapses, we counted gold particles within the 10 nm of the membrane as membrane-associated (Nusser et al., 1995) . Particle density was calculated as the number of gold particles per linear micrometer. The lateral location of each gold particle was measured as the distance between the center of the particle and the middle of the PSD (for synaptic gold), or the edge of the PSD (for extrasynaptic gold).
Slice preparation and solutions for electrophysiology. Retinal slices were prepared from juvenile (P17-P21) Sprague Dawley rats according to National Institute of Neurological Disorders and Stroke Animal Care and Use guidelines, as described previously (Chen and Diamond, 2002) . Following enucleation and hemisection of the eye, the retina was removed from the eyecup and submerged in 2% low-melting point agarose (type VII, Sigma), then cut into 200 m slices on a vibratome (Ted Pella). Dissection, slicing, and storage occurred in artificial CSF (ACSF) containing the following (in mM): 119 NaCl, 2.5 KCl, 1.3 MgCl 2 , 2.5 CaCl 2 , 26.2 NaHCO 3 , 1 NaH 2 PO 4 , 20 glucose, 2 Na pyruvate, and 4 Na lactate, bubbled with 95% O 2 -5% CO 2 . The recording chamber was superfused continuously with ACSF supplemented with picrotoxin (100 M), TPMPA (50 M), strychnine (10 M), and TTX (1 M) to block GABA A , GABA C , and glycine receptors, respectively, and the NMDAR coagonist D-serine (100 M). MgCl 2 was replaced with equimolar CaCl 2 . The internal patch solution contained (mM): 120 Cs methanesulfonate, 10 EGTA, 20 HEPES, 0.05 Alex Fluor 488, 2 MgATP, and 0.2 NaGTP. Solutions were adjusted to pH 7.4 with NaOH or CsOH, and 290 -300 mOsm with sucrose. All experiments were performed at room temperature (21-23°C). Reagents were obtained from Sigma, except for TBOA, Ro 25-6981 (Tocris Cookson), TTX (Alomone Labs), and Alexa Fluor 488 (Invitrogen).
Electrophysiology. Voltage-clamp recordings were made from RGCs with whole-cell patch electrodes (4 -5 M⍀, #0010 glass, World Precision Instruments) and an Axopatch 1D amplifier (Molecular Devices) in voltage-clamp mode. Access resistance (10 -30 M⍀) was monitored continuously and not compensated. Dialysis of the cytosol with Alexa Fluor 488 allowed the RGCs to be visualized with epifluorescence and identified as ON or OFF based on dendritic ramification in the inner or outer IPL, respectively. Bistratified ON-OFF cells were not analyzed. Data acquisition and analysis were performed with custom macros written in IgorPro (WaveMetrics). Data were filtered at 5 kHz and sampled at 10 kHz. mEPSCs were detected in IgorPro with an optimally scaled template algorithm (Clements and Bekkers, 1997) .
Statistical analysis was performed using Stata 8, StatsDirect, IgorPro, and Excel (Microsoft) software. Two-tailed t tests and KolmogorovSmirnov tests were used to compare means and distributions, respectively, and significance was concluded when p Ͻ 0.05. Unless indicated otherwise, values are reported as mean Ϯ SEM.
Results

NR1C2 and NR2B subunits are located perisynaptically
Our previous work identified NMDARs at RGC synapses using a mixture of antibodies to the NR1C2 and NR2B subunits. Here, we first examined these antibodies separately, first at the LM level. Immunofluorescence for both antibodies was evident in the IPL and outer plexiform layer (OPL), in addition to somatic labeling in the ganglion cell layer (GCL) and inner nuclear layer (INL) (Fig. 1A,B) , similar to previous reports in rat retina (Fletcher et al., 2000; Kalloniatis et al., 2004; Zhang and Diamond, 2006) . These antibodies were then applied to tissue in which RGCs had been retrogradely labeled with CTB and then processed for immunogold EM. To determine the exact localization of NR1C2 and NR2B subunits in the postsynaptic and extrasynaptic membranes of RGC dendrites, the tangential distribution of gold particles within the PSD and along the extrasynaptic membrane was measured. The large majority of particles labeling either NR1C2 (92%) or NR2B (96%) was located outside the PSD, distributed primarily along the extrasynaptic plasma membrane and positioned mostly on its intracellular face (Fig. 2) . These results are consistent with our previous report (Zhang and Dia- mond, 2006) in which these two antibodies were applied together. The distribution pattern of NR1C2 and NR2B gold particles at positive synapses was not significantly different (Fig. 2C,F) ( p ϭ 0.19), with the peak particle density for both subunits occurring 180 nm from the edge of the PSD (see Fig.  4A ). The few NR1C2 and NR2B particles detected within the PSD were located at the lateral edges (see Fig. 4B ) (also see Zhang and Diamond, 2006) . For these and all the antibodies in this study (except CTB), Ͼ95% of the labeled dendritic profiles had gold either in the PSD or in the extrasynaptic membrane, but not both. Therefore, we also calculated the incidence of perisynaptic labeling by classifying each individual profile as exhibiting either synaptic or extrasynaptic immunoreactivity. This approach yielded perisynaptic percentages for NR1C2 (90%) and NR2B (95%) (see Fig. 5A ) that were similar to those obtained by counting individual particles. Together, these results indicate that NR1C2 and NR2B subunits are distributed almost exclusively in the perisynaptic membrane.
NR1C2 and NR2A subunits are localized primarily within the PSD We next examined the subsynaptic distribution of NR1C2Ј and NR2A subunits, first at the LM level. Strong, punctate labeling was present in the IPL and OPL for both subunits (although the NR2A signal was somewhat weaker in the OPL), and somatic labeling was evident in the GCL and INL (Fig. 1C,D) , consistent with previous work in rat (Hartveit et al., 1994; Fletcher et al., 2000; Gründer et al., 2000; Kalloniatis et al., 2004) . At the EM level, immunogold for both antibodies was localized primarily to the PSD (Figs. 3, 4A ), in striking contrast to the data for NR1C2 and NR2B (Fig. 2) . The distributions of NR1C2Ј (81% in the PSD) (Fig. 3C ) and NR2A (83% in the PSD) (Fig. 3F) were indistinguishable ( p ϭ 1). Within the PSD, gold particles for NR1C2Ј were distributed evenly along the postsynaptic membrane, whereas those for NR2A were more concentrated at the center of the PSD (Fig. 4B) .
NR2B, but not NR1C2, is preferentially expressed at ON synapses RGCs respond to the onset and/or the offset of light stimulation (e.g., Werblin and Dowling, 1969) , depending on whether they receive synaptic input from ON and/or OFF bipolar cells in the middle and outer thirds of the IPL, respectively (Nelson et al., 1978; Peichl and Wässle, 1981; Amthor et al., 1989) . To compare the subsynaptic distribution of NMDAR subunits at ON and OFF synapses, we analyzed separately synaptic profiles located in the ON and OFF sublaminae (see Materials and Methods). Although both synaptic layers were surveyed approximately equally, NR2B-positive profiles were twice as prevalent in the ON layer compared with the OFF layer (64% vs 36%), in contrast to NR1C2, which was distributed evenly between the two layers (50% vs 50%) (Fig. 5A ). This last result likely explains why no ON/OFF asymmetry was detected with an NR1C2/NR2B antibody mixture (Zhang and Diamond, 2006) . There was no difference between the average density of gold particles at positive synapses in the ON and OFF layers for either NR1C2 or NR2B (Fig. 5 B, C) .
NR2A and NR1C2 are preferentially expressed at OFF synapses
In contrast to NR2B, which was detected primarily in the ON layer of the IPL, 62% and 66% of NR1C2Ј-and NR2A-positive dendritic profiles, respectively, were detected in the OFF layer (Fig. 5A) . The labeling density for NR1C2Јand NR2A gold particles at positive profiles was comparable in the ON and OFF layers, although synaptic NR1C2Ј density was significantly higher in the OFF layer (Fig. 5 B, C) . Together, the data presented so far indicate that different NMDAR subunits exhibit distinct synaptic and perisynaptic expression patterns and preferences for particular functional layers of the inner retina. Moreover, they show a strong correlation in expression between particular NR1 splice variants and NR2 subunits (i.e., NR1C2-NR2B and NR1C2Ј-NR2A).
It should be noted that, in many cases, gold particles were observed in the intracellular compartment of presynaptic and postsynaptic profiles (Figs. 2, 3 ). This could represent nonspecific staining, or NMDARs in intracellular organelles, perhaps in the process of being trafficked to or from the plasma membrane. The very low levels of IR in mitochondrial membranes (Fig. 5D ) suggest that nonspecific staining is minimal under these conditions.
Contrasting subsynaptic localization of different MAGUK proteins
MAGUKs are thought to tether NMDAR subunits to specific locations in the plasma membrane, but it remains unclear whether particular NMDAR subunits associate specifically with particular MAGUKs. To address this issue in RGCs, we examined the expression of MAGUKs in the rat retina, first at the LM level. Intense immunofluorescence in the IPL was observed for SAP102, PSD-95, and PSD-93, similar to previous reports (Koulen et al., 1998a,b; Koulen, 1999) , with SAP97 giving a weaker signal (Fig. 1 E-H ) . At the EM level, SAP102 expression was similar to that of NR1C2 and NR2B, with 79% of the plasma membrane-associated gold particles outside the PSD (Fig. 6 A-C) and a peak density 180 nm from the edge of the PSD (Fig. 7A) . In contrast, the large majority of PSD-95 (88%) (Figs. 6 D-F, 7A ) and PSD-93 (83%) (Figs. 6G-I, 7A) immunogold was contained within the PSD, similar to NR1C2Ј and NR2A. Within the synapse, labeling for all three proteins was relatively even across the width of the PSD (Fig. 7B) . The antibody to SAP97 labeled only 14 RGC profiles at the EM level and was not analyzed quantitatively.
Similar to NR1C2, SAP102 immunogold was evenly distributed across the ON and OFF layers (54% vs 46%) (Fig. 8 A) . Labeling for PSD-95 and PSD-93, however, was more prevalent in the OFF layer (67% and 72%, respectively, in the OFF layer) (Fig. 8 A) . As observed with NMDAR subunits, the major ON versus OFF differences were with respect to the frequency of labeled synapses, not the labeling density within positive synapses (Fig. 8 B, C) . Labeling for all three MAGUKs was relatively low in mitochondrial membranes (Fig. 8 D) , suggesting that nonspecific staining was minimal.
Distinct NMDAR subtype contributions to sEPSCs at ON and OFF synapses
The results presented thus far delineate a complex pattern of NMDAR expression in the IPL. NMDARs are located mostly perisynaptically at ON synapses and primarily within the PSD at OFF synapses. Perisynaptic NMDARs are not activated by glutamate released during spontaneous synaptic events unless the spatial extent of transmitter diffusion is expanded by blocking glu- tamate uptake (Chen and Diamond, 2002) . Recent physiological data in mouse retina, showing that sEPSCs at OFF synapses exhibit an NMDAR component while sEPSCs at ON synapses do not unless release is enhanced by blocking presynaptic inhibition (Sagdullaev et al., 2006) , are consistent with the anatomical ON-OFF asymmetry described here. Our findings also indicate that NR2B NMDARs are more prevalent at ON synapses, while NR2A NMDARs are more prevalent at OFF synapses. To examine the physiological consequences of this segregation, sEPSCs were recorded from morphologically identified ON and OFF RGCs (see Materials and Methods). Mg 2ϩ was removed from the extracellular solution to permit detection of NMDARs at a holding potential of Ϫ80 mV, and inhibition mediated by glycine, GABA A , and GABA C receptors was blocked (see Materials and Methods). In ON RGCs, sEPSC decay was slowed by addition of the glutamate transporter antagonist TBOA (10 M) (Fig. 9A) , resulting in a 99 Ϯ 34% (n ϭ 5) increase in the charge transfer of the average sEPSC (Q sEPSC ) (Fig. 9B) . This enhancement was reduced 59 Ϯ 6% by the NR2B NMDAR-specific antagonist Ro 25-6981 (1 M) and eliminated completely by CPP (10 M), which blocks all NMDAR subtypes (Fig. 9 A, B) . Q sEPSC in the presence of CPP was indistinguishable from that in control (106 Ϯ 13% of control, n ϭ 5, p ϭ 0.45), indicating negligible NMDAR activation at ON synapses during sEPSCs in control conditions, even when presynaptic GABA C Rs were blocked (Chen and Diamond, 2002) (but see Sagdullaev et al., 2006) . These results are consistent with a predominantly perisynaptic localization of Ro 25-6981-sensitive NR2B NMDARs at ON synapses (Figs. 2, 4, 5 ). In contrast, Q sEPSC in OFF RGCs was unaffected by Ro 25-6981 (100 Ϯ 12% of control, n ϭ 5, p ϭ 0.95) but was reduced significantly by CPP (to 58 Ϯ 4% of control, n ϭ 5, p ϭ 0.002), even with glutamate uptake intact, consistent with NR2B-lacking NMDARs targeted to the PSD. To determine whether perisynaptic NMDARs also are present at some OFF synapses, as suggested by our anatomical data (Fig. 5A) , we also examined the effects of TBOA on OFF sEPSCs. TBOA (10 M) slowed the decay of OFF sEPSCs and caused an increase in the average Q sEPSC (to 176 Ϯ 32% of control, n ϭ 5, p ϭ 0.003) (Fig. 9 E, F ) . This enhancement was reduced almost completely by Ro 25-6981 (1 M; to 113 Ϯ 15% of control, n ϭ 5, p ϭ 0.11 vs control) (Fig. 9 E, F ) , suggesting that blocking transporters permits activation of perisynaptic NR2B NMDARs at OFF synapses, as at ON synapses. An Ro 25-6981-insensitive, presumably non-NR2B NMDAR component was blocked by subsequent application of CPP (to 55 Ϯ 14% of control, n ϭ 5, p ϭ 0.015 vs control) (Fig. 9 E, F ) .
Recent reports in mouse RGCs suggest that release probability is regulated differently at ON and OFF synapses and that spontaneous, multiquantal release can occur when presynaptic inhibition is blocked (Sagdullaev et al., 2006) . It is possible, therefore, that the sEPSCs we recorded from OFF RGCs exhibited an NMDAR component because multiple vesicles were released during each sEPSC, enabling the activation of perisynaptic NMDARs. If this were true, Q sEPSC at OFF synapses should vary with changes in release probability and decrease if [Ca 2ϩ ] o were reduced. Contrary to this prediction, in the presence of TBOA and with inhibition blocked, lowering [Ca 2ϩ ] o to 0.5 mM reduced sEPSC frequency (to 71 Ϯ 9% of control, n ϭ 4, p ϭ 0.017) but caused only a small reduction in Q sEPSC that did not reach significance (93 Ϯ 5% of control, n ϭ 4, p ϭ 0.076) (Fig. 9G,H ) . A small decrease in Q sEPSC actually would be expected due to the Ca 2ϩ permeability of NMDARs (see Schneggenburger et al., 1993) . These results suggest that sEPSCs at OFF RGC synapses in rat are predominantly uniquantal and that the NMDAR component present in OFF sEPSCs under control conditions (Fig. 9C,D) reflects the presence of synaptic NMDARs.
Discussion
The results presented here demonstrate four novel asymmetries in the expression of NMDARs and scaffolding proteins at ON and OFF RGC synapses in rat retina. First, NR2A and NR2B subunits are expressed predominantly synaptically and perisynaptically, respectively. Second, NR2A and NR2B subunits are expressed primarily at OFF and ON RGC synapses, respectively. Third, NR2A subsynaptic expression corresponds closely with the labeling of the NR1C2Ј antibody that recognizes NR1 3,4 splice variants, whereas NR2B expression corresponds to labeling of the NR1C2 antibody that recognizes NR1 1,2 splice variants. Fourth, expression of different NR2 subunits mirrors that of different PDZ scaffolding proteins: NR2A expression corresponds to expression of PSD-95 and PSD-93 at synapses, whereas NR2B corresponds with SAP102 in perisynaptic membranes. These anatomical data are complemented by physiological recordings of sEPSCs from ON and OFF RGCs that indicate distinct NR2 subtype expression and subsynaptic localization at ON and OFF synapses. These results suggest that NMDAR subunits are assembled in particular combinations that dictate subsynaptic localization, association with particular membrane scaffolding proteins and specific functional roles within the retinal circuitry.
Distinct perisynaptic and synaptic localization of NR2B and NR2A subunits at RGC synapses Work from several groups indicates that NMDARs are expressed in extrasynaptic membranes (Stocca and Vicini S, 1998; Rumbaugh and Vicini, 1999; Tovar and Westbrook, 1999; Chen and Diamond, 2002; Clark and Cull-Candy, 2002; Scimemi et al., 2004) . The evidence that extrasynaptic NMDARs are particularly enriched in specific subunit combinations is more controversial. Physiological results from hippocampal and superior collicular neurons are consistent with the notion that NR2B-containing receptors are present in synaptic and extrasynaptic sites, while NR2A-containing receptors are confined to synaptic sites (Tovar and Westbrook, 1999; Townsend et al., 2003; Scimemi et al., 2004) . Other, more recent reports using hippocampal neurons, either in primary cell culture or acute slice, suggest that synaptic and extrasynaptic NMDARs exhibit similar subunit compositions (Thomas et al., 2006; Harris and Pettit, 2007) . These discrepancies have yet to be resolved conclusively by anatomical approaches at central synapses.
Here we present ultrastructural and physiological evidence that perisynaptic NMDARs on RGCs are particularly enriched in the NR2B subunit, whereas synaptic NMDARs contain primarily NR2A. These differences are evident in distinct characteristics of sEPSCs (Fig. 9) , although it should be noted that current pharmacological tools do not permit specific identification of NR2A NMDARs. The larger functional implications for this distribution pattern remain unknown; more experiments are required to determine whether such distinct subsynaptic expression patterns underlie different dynamics of NMDAR activation and, possibly, dendritic calcium signaling in ON and OFF RGC dendrites.
Different splice variants of the NR1 subunit selectively assemble with NR2 subunits It is unclear whether particular NR1 splice variants coassemble preferentially with certain NR2 subunits in the brain. This possibility, suggested by the demonstrated heterogeneity of NMDARs (Sheng et al., 1994 ) is supported by evidence that ethanol modulates the surface expression of NR1C2Ј and NR2A (Honse et al., 2003) , a subunit combination that is also suggested by our results (Figs. 3, 4) , although other biochemical data indicate no preferential NR1/NR2 coassembly (Blahos and Wenthold, 1996; AlHallaq et al., 2001 ). This discrepancy was attributed to different model systems used in their experiments (Al-Hallaq et al., 2001) . Light microscopic studies in rat and primate retina suggested a slight preference of NR2A for NR1C2Ј over NR1C2 (Fletcher et al., 2000; Gründer et al., 2000) , again consistent with the present results, although immunopositive dendrites were not identified in those studies and so could have originated from either RGCs or amacrine cells. In addition to the preferential association of NR1C2Ј with NR2A in the PSD (Figs. 3, 5 ), the present results also indicate a strong correlation between the expression of NR1C2 and NR2B in perisynaptic membranes (Figs. 2, 4) and constitute the first ultrastructural anatomical evidence that particular NR1 splice variants specifically colocalize with particular NR2 subunits. Different NR2 subunits may be anchored by different PDZ scaffolding proteins MAGUKs cluster neurotransmitter receptors and ion channels at synaptic sites (Kennedy, 1995; Kornau et al., 1995; Roche et al., 1999; Kim and Sheng, 2004; Elias et al., 2006) , but whether certain MAGUKs interact specifically with particular receptor subunits remains controversial. Biochemical and electrophysiological work suggests an apparent preference between NR2A and PSD-95 or PSD-93 and between NR2B and SAP-102 (Valtschanoff et al., 1999; Sans et al., 2000; Losi et al., 2003; Townsend et al., 2003; Prybylowski et al., 2005) , but more recent results reveal no preferential interaction between NR2A or NR2B and PSD-95, PSD-93, and SAP102 (Al-Hallaq et al., 2007) . Although this has not been explored as thoroughly in the retina, one LM immunofluorescence study did indicate preferential colocalization of NR1C2Ј and PSD-95 in the IPL of rat (Fletcher et al., 2000) . Our results provide the first ultrastructural evidence that NMDA receptor subunits colocalize preferentially with particular MAGUKs in the PSD and at perisynaptic sites. The similar distribution pattern between NR2A subunit and PSD-95/PSD-93 reported here suggests that NR2A colocalizes specifically with PSD-95 and/or PSD-93 at RGC synapses, analogous to previous results in other brain regions (Valtschanoff et al., 1999; Sans et al., 2000; Losi et al., 2003; Prybylowski et al., 2005) . Similarly, the identical perisynaptic localization pattern of SAP102 and NR2B subunit also suggests a preferential interaction that is consistent with previous evidence in rat retina showing similar colocalization at the LM level in the IPL (Koulen et al., 1998b) and coimmunoprecipitation results in rat brain (Müller et al., 1996; Sans et al., 2000) . The MAGUKs examined here also may underlie targeting of AMPARs (e.g., Roche et al., 1999; Elias et al., 2006) , or potassium channels (Kim et al., 1995; Kim and Sheng, 1996 ; Yazulla and Studholme, 1998). In addition, it remains to be inves-tigated whether other proteins that interact with NMDAR subunits-e.g., interactor collapsin receptor mediator protein 2 (GRMP2), which interacts with NR2B (Al-Hallaq et al., 2007)-affect synaptic signaling in RGCs.
Asymmetric distribution of NMDAR subunits and MAGUKs at ON and OFF RGC synapses
Numerous studies suggest that different NMDARs play distinct roles in neurotransmission, plasticity, and excitotoxicity (Hardingham et al., 2002; Cull-Candy and Leszkiewicz, 2004; Liu et al., 2004; Massey et al., 2004; Scimemi et al., 2004; Ewald et al., 2008) , although recent physiological reports that NR2A and NR2B-containing NMDARs contribute specifically to LTP and LTD, respectively (Liu et al., 2004; Massey et al., 2004) have been disputed (Weitlauf et al., 2005; Morishita et al., 2007) . In different brain regions, NMDARs mediate distinct inputs to individual neurons. In layer V cortical pyramidal cells, for example, callosal inputs exhibit a larger NR2A component, whereas intracortical connections are enriched in NR2B (Kumar and Huguenard, 2003) . Similar asymmetries have been reported between inputs to pyramidal cells in the CA3 and CA1 regions of the hippocampus (Ito et al., 2000; Kawakami et al., 2003; Arrigoni and Greene, 2004; Wu et al., 2005) . Consistent with this trend, the present results suggest that ON inputs to RGCs are mediated mostly by NR2B-containing receptors, whereas OFF inputs are mediated mostly by NR2A receptors (Figs. 4, 5 ) (see also Kalbaugh et al., 2009 ). This distinction is echoed clearly in the localization of the NR1 splice variant and MAGUK scaffolding proteins that have been most commonly associated with NR2A: NR1C2Ј, PSD-95, and PSD-93 are expressed more abundantly at OFF synapses (Figs. 5A, 8A) .
In addition to their obviously converse role in visual signaling, ON and OFF RGCs exhibit asymmetries with regard to receptive field sizes, response kinetics, and contrast sensitivity (Chichilnisky and Kalmar, 2002; Zaghloul et al., 2003) . Recent physiological work in the mouse retina suggests that NMDARs are synaptic at OFF RGC synapses and perisynaptic at ON RGC synapses (Sagdullaev et al., 2006) , a finding that we confirm anatomically and physiologically in the present study. These distinct subsynaptic NMDAR distributions appear to contribute to different dynamics ranges of light-evoked responses in ON and OFF RGCs (Sagdullaev et al., 2006) . Specific roles for particular NR2 subunitcontaining receptors in this process, or in other ON/OFF asymmetries, remain to be explored.
